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Introduction
Logging residues (LRs) form a substantial portion of the dead wood in managed forests. Most LRs are produced during the fi nal felling. Although LRs from fi nal fellings do not include substrates with thick bark, a variety of thin-barked substrates with a wide range of diameters (i.e., from the thinnest branches with diameters of less than 1 cm to thick tree tops with diameters exceeding 7 cm) are found. Moreover, LRs (as well as stumps) from fi nal fellings generally experience high exposure to the sun, whereas most of the dead wood in managed forests is shaded; thus, these substrates are specifi c and important for many saproxylic beetles (Jonsell 2008a , b, Bouget et al. 2012 , Jonsell & Schroder 2015 . Additionally, LRs from fi nal fellings can serve as substrates for the development of forest bark-and woodboring pests (particularly bark beetles), and in specifi c circumstances, these LRs facilitate pest multiplication and outbreaks (Schroeder 2008) . Therefore, various strategies for the removal of LRs (e.g., hauling, burning, and chipping) are often recommended to prevent pest multiplication (DeGomez et al. 2008) . However, the extensive removal of LRs can lead to the extinction of rare saproxylic species and a loss of overall diversity, and the removal of sun-exposed LRs from fi nal fellings might be of particular signifi cance (Jonsell et al. 2007 , Jonsell 2008a , b, Fossestøl & Sverdrup-Thygeson 2009 , Bouget et al. 2012 , Jonsell & Schroder 2015 .
A necessary prerequisite to fi nding a way to decrease the risk of multiplication of barkand wood-boring beetle (BWBB) pests on LRs without extensive LR removal is to increase the understanding of the ecology of BWBBs (or generally, saproxylic beetles), including how they are infl uenced by the date of LR production, the post-felling treatments of LRs and other characteristics. In general, the occurrence of saproxylic beetles on LRs or dead wood is affected by substrate characteristics, including substrate metric parameters, such as bark thickness (Zhang et al. 1993 , Foit 2010 and diameter (Schiegg 2001 , Lindhe & Lindelöw 2004 , Lindhe et al. 2005 , Jonsell et al. 2007 , Maňák 2007 , Jonsell 2008b , Foit 2010 . Sun exposure (Jonsell et al. 2004 , Lindhe & Lindelöw 2004 , Lindhe et al. 2005 , Jonsell 2008b ), moisture (Wallace 1953 , Larkin & Elbourn 1964 , decomposition stage (Wallace 1953 , Vanderwel et al. 2006 , Jonsell 2008b and the presence of other organisms (Jonsell et al. 2005 , Abrahamsson et al. 2008 , Weslien et al. 2011 ) are of remarkable signifi cance for the occurrence of saproxylic beetles in various substrates. Because of these associations, known breeding substrate requirements and timing of mating and egg laying of particular BWBB species (Schwenke 1972) , it is possible that the colonisation of LRs by BWBBs is infl uenced by the date of LR production (felling date). This has been documented for several BWBB species that develop in Norway spruce (Picea abies L. [Karst.]) LRs resulting from pre-commercial thinning (Kula & Kajfosz 2006 and in Scots pine (Pinus sylvestris L.) stumps (Foit 2012a) . Furthermore, the felling date was found to strongly affect Pityogenes chalcographus (Linnaeus) occurrence on various Scots pine LRs (Foit 2012b) . The postfelling deposition of LRs (i.e., left scattered or concentrated into piles) affected Ips pini (Say) occurrence on LRs from ponderosa pine (Pinus ponderosa P. & C. Lawson) and lodgepole pine (Pinus contorta Dougl. ex Loudon) (Six et al. 2002) and infl uenced the occurrence and development success of P. chalcographus on Norway spruce LRs (Kacprzyk 2012) .
The goals of this study were to investigate which BWBB species developed and multiplied on Scots pine LRs that were generated in a fi nal felling and to assess the effects of various habitat variables, including the type and diameter of the LR fragments, the felling date, and the post-felling deposition of LRs, on the occurrence of the recorded species.
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Materials and methods

Study site
The ) were also present. The forests in the study area were traditionally managed using a clear-cutting system and the prevailing artifi cial regeneration.
Sampling
The study stand was divided into four sections of equal area, and the felling was conducted on a different date in each section. The felling dates were 10 th February, 11 th May, 14 th August and 10 th November 2006. With each felling, LRs were produced from 40 (or slightly more) pine trees. All of the trees were removed from the felled site, creating a sun-exposed clear-cut area. Logging residues on approximately onequarter of the felled area were left scattered, whereas the remaining LRs were concentrated into piles (approximately 1.5 m high and 2 m wide).
Sampling began 14 days after felling and was repeated every 14 days within the vegetative period (23 rd April through 10 th October) until 12 repetitions were performed in each section with a different felling date. On each sampling date, in each section of the stands felled on different dates, ten branches (2-5 cm in diameter) and fi ve trunk fragments from tree tops (1 m in length and 5-18 cm in diameter) were sampled from the following locations: i) freely scattered LR, ii) the top layer (approximately within 40 cm from the top) of LR piles, and iii) the bottom layer (approximately below 60 cm from the top) of LR piles. Consequently, 2,160 LR fragments (i.e., 360 branches and 180 trunk fragments in each of 4 sections of the stand) were sampled. Only branches that were at least 1 m in length and 2 cm in diameter at the base were sampled. Parts of the sampled branches that were less than 1 cm in diameter were sampled separately; a total of 3,600 samples was collected. The branch or trunk length and diameter were recorded for each sampled LR fragment. Each sample was entirely debarked, and the BWBB (phloemo-, xylo-and xylomycetophagous) species present were identifi ed based on gallery characteristics or on the morphological traits of imagoes or larvae (Švácha & Danilevsky 1986 , 1987 , 1988 , Bílý 1989 , Bense 1995 , Pfeffer 1995 . Furthermore, the gallery coverage of each species was evaluated on a semilogarithmic, sixdegree scale based on a visual estimation of the percentage of the area exploited by the species within the sample mantle (< 1%, 1−5%, 6−25%, 26−50%, 51−75% and > 75%, see Braun-Blanquet 1964) .
Three temperature and humidity sensors (Minikin THi, EMS Brno) were used to determine the microclimate characteristics of the LR piles. Air temperature and relative air humidity were recorded hourly from April to September of 2007 and 2008 in the following locations: i) over the clear-cut area (a sensor was installed 0.4 m above the ground), ii) in the top layer of the LR pile (1.2 m above the ground) and iii) in the bottom layer of the pile (0.4 m above the ground).
Statistical analyses
The frequency of occurrence of each species was expressed as the proportion of samples in which the species was present. For statistical analysis, the six-point scale of gallery coverage was represented by the following middle values of the percentage intervals: 0.5%, 3%, 15.5%, 38%, 63% and 88%. Canonical correspondence analysis (CCA) was used to assess the effects of the habitat variables on the species composition of the beetle assemblages. The CCA does not require normally distributed data, is not affected by the correlation of habitat factors, and assumes unimodal models for the relationships between the responses of each species to the habitat variables. This approach is appropriate for the data because a preliminary detrended correspondence analysis showed long gradient lengths (> 3 SD) (ter Braak 1986 (ter Braak , 1987 . In the CCA, a Monte Carlo permutation test (Manly 2001 ) with 999 permutations was used to compute the significance of the relationships between the species responses and the habitat factors. All of the analyses were performed using CANOCO for Windows (ter Braak 1987) . All of the recorded species were included in the analyses; however, to avoid an undesirably high infl uence of low-frequency species, rare species were down-weighted as a separate step of the analyses in CANOCO.
The non-normal distributions of data for the gallery coverage of particular species (tested using Shapiro-Wilk tests) could not be corrected by data transformation; therefore, nonparametric statistics were used for further analyses (Hollander & Wolfe 1999) . The statistical signifi cance of differences and trends in the gallery coverage of particular species found in LRs with different characteristics was tested by Kruskal-Wallis tests and Spearman's correlation indices. If signifi cant differences were found by the Kruskal-Wallis tests, then the Mann-Whitney U tests with critical p-values that were decreased by Bonferroni adjustment (i.e., critical p = 0.017, 0.008 for the comparison of three or four datasets, respectively) were used to identify the pairs of datasets with signifi cant differences. All of these calculations were performed in Statistica 10.0 (StatSoft 2013).
Results
Of the 25 species of BWBB found in LRs (Figure 1) , the family Curculionidae (15 species) was the most abundant. The majority of the curculionids (11 species) were bark beetles (Scolytinae), and P. chalcographus and Ips acuminatus (Gyllenhal) were encountered most frequently (Figure 1) .
All of the studied habitat variables significantly affected the species composition of the BWBB assemblages, and together, the habitat variables explained 14.8% of the observed variance in the species' gallery coverage ( Table  1 ). The variance explained by particular variables overlapped negligibly (Figure 2 ). Felling date was the most signifi cant variable affecting the species composition of the BWBB assemblages. The type of LR (trunk fragment or branch and branch < 1 cm or > 1 cm) and LR diameter also had comparably strong effects. The LR deposit type (scattered or piled and top pile or bottom pile layer) affected the composition of the BWBB assemblages considerably but to a lesser extent.
Particular taxa were associated with specifi c felling dates, deposition locations and LR diameters (Table 2, Figures 3, 4) . All of the taxa found on at least 50 LR fragments exhibited signifi cant differences in the gallery coverage on LRs that were produced on different dates (Table 2) , and particular taxa exhibited characteristic patterns (Figure 3 
Figure 2
The statistical signifi cance of differences and trends in the gallery coverage of particular taxa on LRs with different characteristics. The differences in gallery coverage for particular species on LRs generated on different dates and for LR deposited in different ways were tested using the Kruskal-Wallis test. Spearman's correlation indices were used to illustrate the strength and signifi cance of associations between the gallery coverage of particular species and LR diameter. Signifi cant results (p < 0.05) are highlighted in bold. Only taxa recorded on at least 50 LR fragments were tested Frequencies of taxa occurrence according to felling date. Signifi cant differences in gallery coverage were found for all taxa shown (Table 2) . To determine between which pairs of datasets signifi cant differences occurred columns representing datasets that did not differ signifi cantly are labelled with the same letter. Only taxa recorded on at least 50 LR fragments are shown.
Figure 3
Frequencies of taxa occurrence according to LR deposit type. Columns belonging to taxa with signifi cant differences in gallery coverage (Table 2) are labelled with letters to determine between which pairs of datasets signifi cant differences occurred. Columns labelled with the same letter represent datasets that did not differ signifi cantly. Only taxa recorded on at least 50 LR fragments are shown.
Figure 4
May and November, and were nearly absent on LRs produced in August. In contrast, Molorchus minor (Linnaeus) and Pissodes piniphilus (Herbst) exhibited maximal frequencies on LRs produced in August. Furthermore, eight taxa had signifi cantly different gallery coverage in relation to LR deposition (Table 2) ; for these taxa, differences were found only between LRs deposited in the bottom layer of piles and LRs deposited in the top layer of piles or left scattered (Figure 4) . No signifi cant differences were observed between LRs that were deposited in the top layer of piles and LRs that were left scattered. During the growing season, the mean air temperature in the top and bottom layers of the pile was 0.78 and 1.54°C lower than the temperature measured over the clear-cut area, respectively (Table 3 ). The mean relative air humidity in the top and bottom layers of the piles was 11.05 and 16.74% higher than those measured over the clear-cut area, respectively. Larger differences were found in the daily amplitudes; in the top and bottom layers of the pile, the amplitudes of the air temperature were on average 2.57°C and 7.11°C lower than those measured over the clear-cut area, respectively, and the amplitudes of the relative humidity in the top and bottom layers of the pile were on average 18.29% and 32.57% lower than those measured over the clear-cut area, respectively.
Discussion
Although the LRs from the fi nal felling were formed only by branches and thin-barked top parts of trunks, the LRs served as a breeding substrate for a considerable number of BWBB species (Figure 1) . The number of recorded species (25) was comparable to that found on whole standing mature Scots pine trees (17 species in Finland (Väisänen et al. 1993) , 23 species in Poland (Zabecki 1999) , and 34 species in the Czech Republic (Foit 2007 (Foit , 2010 ). The relatively high number of species recorded in the present study might be explained by the high sun-exposure of the LRs on the clearcut area because sun-exposure favours species richness among saproxylic beetles (Bouget & Duelli 2004 (16) that was found in a similar study in the Czech Republic on shaded Scots pine LRs, which were generated by thinning (Foit 2011) . Although no redlisted BWBB species were recorded, the high total number of species identifi ed indicates that the saproxylic insect assemblages associated with these LRs are species rich and might be important for conservation. Additionally, several forest pests were recorded (Gregoire & Evans 2004) , primarily Ips acuminatus and P. chalcographus. Because these species were the most frequent species found in this study, it is clear that these pests multiplied signifi cantly on the LRs generated by fi nal felling. The main host tree species of P. chalcographus is Norway spruce (Pfeffer 1955 , Schwenke 1972 , Bertheau et al. 2009 ), although this species and I. acuminatus frequently develop on Scots pine LRs, which was previously documented at several localities in the Czech Republic (Foit 2012b ). All of the studied habitat factors (felling date, LR type, LR diameter and LR deposit type) signifi cantly affected the composition of the BWBB assemblages and were together able to explain a substantial portion (14.8%) of the variance in the species' gallery coverage (Table 1) . Except for LR diameter and type, which are strongly correlated, the variables were almost independent, and the variance explained by these variables did not overlap considerably (Figure 2) . Felling date had the highest explanatory power, and all of the species that occurred on at least 50 LRs exhibited signifi cant differences in gallery coverage depending on LR generation date (Table 2, Figure 3 ). LR generation date was previously documented to have a substantial impact in various types of Norway spruce and Scots pine LR (Kula & Kajfosz 2006 , Foit 2012a and is most likely associated with the timing of the species' mating and egg laying and with the requirements of particular species regarding stage of substrate dieback or decay. Thus, P. chalcographus, an early arriving species (Schwenke 1972 , Gregoire & Evans 2004 , Foit 2014 ) that exhibits spring and early summer mating and egg laying, colonised fresh LRs immediately after felling. The overwintering generation primarily colonised LRs from February, and the following generation colonised LRs from May. In contrast, the LRs produced in August and November were not colonised in the year of felling, and the LRs were too wilted to attract P. chalcographus entering the next mating and egg-laying period (the LRs from August were particularly unattractive). Additionally, in a study conducted in the Czech Republic on various Scots pine LRs in 135 different stands (Foit 2012b) , P. chalcographus obviously avoided Scots pine LRs produced during August and September (and partially also those produced during October and November). In the present study, I. acuminatus and P. pityographus were affected by felling date in a similar manner to that for P. chalcographus (Figure 3) , which exhibits analogous mating and egg-laying periods. Because I. acuminatus colonised older LRs (from November and even August) somewhat more frequently, this species was likely slightly more tolerant of LR degradation. The only species with early spring mating and egg laying, T. minor, likely colonised moderately wilted LR from the November felling and avoided the LRs from February (too fresh) as well as the strongly degraded LRs from the previous May and August. Molorchus minor and P. piniphilus were the only species that preferred the LRs produced in August. A very early arriving species, P. piniphilus (Foit 2014) , which mates and lays eggs throughout almost the entire vegetative period (Schwenke 1972), colonised LR from August immediately after it was generated. In contrast, M. minor, a late-arriving species (Schwenke 1972 , Bense 1995 , Foit 2014 , colonised the strongly degraded LRs from August in the year following the felling. In addition to the felling date, the most impor-tant factors to affect the species composition of the BWBB assemblages were LR type and diameter (Table 1) . Because these factors were strongly associated, the variance explained by them overlapped, as expected (Table 1, Figure  2) . LR type had a greater explanatory power than LR diameter, possibly because LR type was more strongly correlated with unstudied variables, such as the presence or absence of needles on particular LR fragments. Substrate diameter has previously been shown to affect saproxylic beetle occurrence (Schiegg 2001 , Lindhe & Lindelöw 2004 , Lindhe et al. 2005 , Jonsell et al. 2007 , Maňák 2007 , Jonsell 2008b , Foit 2010 , Brin et al. 2011 . Thus, nine taxa were signifi cantly associated with LR diameter in the present study ( Table 2 ). The associations of particular taxa were approximately as expected based on their known substrate preferences (Schwenke 1972) . Although most of the BWBB taxa preferred thicker LRs, two taxa were associated with thin LRs, and these associations with thin LRs were mostly weaker than those associated with thick LRs. However, the larger validity of this pattern is uncertain because whereas several studies conducted on saproxylic beetles found that higher species richness was associated with coarser, dead wood (Jonsell et al. 1998 , Grove 2002 , Jonsell et al. 2007 ), other researchers found more species associated with dead wood of small diameter (Schiegg 2001 , Jonsell 2008b . LR deposit type also signifi cantly affected the species composition of the BWBB assemblages, although this parameter had less effect than the other factors (Table 1 ). The effect of LR deposition has previously been demonstrated in a study conducted on Norway spruce in Poland (Kacprzyk 2012) and in a study conducted on lodgepole pine and ponderosa pine LRs in Montana (USA). The effects of LR deposition are caused mostly by modifi ed microclimatic conditions within the LR piles and also by the decreased accessibility of LRs within the bottom layer of piles. No signifi cant differences in the gallery coverage of particular species were found between the scattered LRs and the LRs that were deposited in the top layer of piles; similarity in climatic conditions (Table 3) and easy accessibility for BWBB represent likely explanations for this fi nding. In contrast, the gallery coverage of eight taxa signifi cantly differed between LRs in the bottom layer of piles and the LRs deposited in top layer of piles or left scattered (Table 2, Figure 4) . Most of the taxa found (Pogonocherus spp., C. cinereus, I. acuminatus, P. bidentatus, P. pityographus and T. minor) signifi cantly preferred LRs that were scattered on the clear-cut area or that were deposited in the top layer of piles; this observation supported the hypothesis that high sunexposure and the consequent warmer microclimates increased saproxylic beetle diversity (Bouget & Duelli, 2004; Lindhe & Lindelöw, 2004; Lindhe, et al., 2005; Fossestol & Sverdrup-Thygeson, 2009 ). Only P. piniphilus and H. palliatus were signifi cantly more frequent in the LRs in the bottom pile layer. In the case of H. palliatus, this fi nding most likely refl ected its requirement for higher humidity (Pfeffer 1955 , Peltonen & Heliövaara 1999 ). In contrast to the results obtained for Norway spruce LRs in southern Poland (Kacprzyk 2012) , no signifi cant differences were found in the gallery coverage of P. chalcographus according to LR deposition in the present study. Kacprzyk (2012) found a signifi cantly lower occurrence of P. chalcographus in the bottom layer of LR piles, and this result might have refl ected the more enclosed character of piles made of spruce LR and generally colder climate in that study area. Based on the results of Kacprzyk (2012) and my observations, P. chalcographus might have greater development success on LRs in piles (especially the middle layer) than on those that were left scattered.
Conclusions and implications for forest management
Logging residues produced during fi nal fell-
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ing form a substantial part of the sun-exposed dead wood habitats in managed forests and provided a substrate for the development of a remarkable number of BWBB species in the present study, and thus, these residues most likely support many other saproxylic species. The occurrence of particular species and the overall species composition of the assemblages differed signifi cantly among the studied LR types (trunk fragment or branch and branch < 1 cm or > 1 cm) and were strongly affected by the date of felling, substrate diameter and (to a lesser extent) LR deposit type (scattered, top pile layer, or bottom pile layer). Additionally, the LRs generated from fi nal felling enabled a number of pests to multiply, most notably, P. chalcographus, I. acuminatus and P. pityographus. However, the status of P. pityographus as a pest is disputed. Based on the results of the present study and those of Foit (2012b) , we can infer that the risk of multiplication of these pests could be minimised if the fellings were conducted in August (and probably also in September or October). Furthermore, gathering the LRs into piles reduced the multiplication of particular pests (I. acuminatus, P. bidentatus, P. pityographus and T. minor). The only pest species that was found to favour piles was P. piniphilus, and signifi cant multiplication of this pest is unlikely because of its low density on the LRs. The overall impact of LR pile formation on the multiplication of P. chalcographus remains unclear.
